University of Central Florida

STARS
Electronic Theses and Dissertations, 2004-2019
2009

Efficiency Improvement Techniques For High Voltage Capacitor
Charging Methods
Michael Islas
University of Central Florida

Part of the Electrical and Electronics Commons

Find similar works at: https://stars.library.ucf.edu/etd
University of Central Florida Libraries http://library.ucf.edu
This Masters Thesis (Open Access) is brought to you for free and open access by STARS. It has been accepted for
inclusion in Electronic Theses and Dissertations, 2004-2019 by an authorized administrator of STARS. For more
information, please contact STARS@ucf.edu.

STARS Citation
Islas, Michael, "Efficiency Improvement Techniques For High Voltage Capacitor Charging Methods"
(2009). Electronic Theses and Dissertations, 2004-2019. 4176.
https://stars.library.ucf.edu/etd/4176

EFFICIENCY IMPROVEMENT TECHNIQUES FOR
HIGH VOLTAGE CAPACITOR CARGING METHODS

by

MICHAEL E. ISLAS
BSEE, University of Central Florida, 2008

A thesis submitted in partial fulfillment of the requirements
for the degree of Master of Electrical Engineering
in the School of Electrical Engineering & Computer Science
in the College of Engineering & Computer Science
at the University of Central Florida
Orlando, Florida

Fall Term 2009

Major Professor: Dr. Issa Batarseh

©2009 Michael Islas

ii

ABSTRACT

The goal of this thesis is to design and fabricate a DC-to-DC converter for use in
high-voltage capacitor charging applications.

The primary objectives include

increasing the efficiency and reducing the cost of traditional methods used for this
application. Traditional methods were not designed specifically for high-voltage
capacitor charging and were thus very primitive and exhibited lower efficiency. Prior
methods made use of a high voltage power supply and a current limiting resistor or
control scheme. The power supply would often only operate efficiently at a single
voltage value and would thus function poorly over a range used in charging a
capacitor. The resistor would also dissipate a fair amount of power, also limiting
efficiency. This design makes use of a traditional flyback topology utilizing a
controller developed specifically for this application, centering the design approach
on the LT3750. Hence, taking full advantage of the efficiency improving control
scheme it provides. Additionally, through the use of advanced techniques to
eliminate noise and power losses, the efficiency may be significantly improved. A
detailed theoretical analysis of the charger is also presented. The analysis will then
be applied to optimization techniques to select ideal component values to meet
specific design specifications. In this research, a specifically designed and developed
prototype will be used to experimentally verify the theoretical work and optimization
techniques.
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CHAPTER 1: INTRODUCTION

Today, there are many applications that require a capacitor to be charged to several
hundred or even thousands of volts.

Such applications include sonar, photoflash systems,

electric fences, and high voltage supplies [1].
large capacitor to be charged.

All of these applications usually require a

When called upon, the capacitor will then release all of the

stored energy in an instant to create the flash, sonar ping, or simple voltage impulse specific
to the application.
Traditional charging circuits and the control methods were often bulky, required
significant control hardware, and were generally inefficient and expensive [2].

Early

methods made use of a high voltage power supply and a current limiting resistor. The power
supply would often only operate efficiently at a single voltage and would thus function poorly
over a range used in charging a capacitor.
power, also limiting efficiency.

The resistor would also dissipate a fair amount of

It has also been shown that capacitors charge more

efficiently when the charging voltage increases in steps rather than suddenly experiencing an
instantaneous rise to the desired final voltage [1].
These disadvantages led to the development of more advanced capacitor charging
topologies requiring much more complicated hardware and control [3].

These more

advanced circuits were able to yield much higher efficiencies through the use of transformers
and complex sense and control methods, both adding to overall size.

However, with added

complexity come added costs and the newer breed of capacitor charging circuits were also
much more expensive.
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These newer techniques for capacitor charging have been explored in [1] and [2].

A

flyback topology was used to provide the dynamic charging output voltage and control was
implemented with several components.

Operating the flyback under variable charging

frequency is ideal so that the charging period can be matched to the charging and discharging
times [12].

The objective of this research endeavor was to expand upon and investigate

further in depth on the studies described.

The primary objective is to establish,

experimentally verify, and document several key optimization techniques.
This would require the re-creation of the basic circuit used in the previous study. Several
additions and modifications were made to reflect the changes and growth of this field in the
industry. In particular, alternate control methods were used to obtain several advantages.
Control would now be governed by a single controller chip that is designed specifically for
the capacitor charging application. All of the parameter sensing, response, and control will
be contained within this single chip.

This would allow for a significantly smaller

component count and thus a much reduced board size when compared to [1].

However, to

achieve much greater output voltages, the converter will remain substantially large than
converters designed for photoflash applications. The flyback converter described in [2] is
only capable of achieving three hundred and fifty volts.
Another important design decision was that of the power considerations. The previous
design discussed above was for a converter of several hundred watts designed to charge
capacitors up to six thousand volts. This converter used a charging power of roughly two
hundred and ten watts. The capacitor charger to be designed for this particular research will
consume less than one-tenth the operating power of the previous design.
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The specific

design will call for approximately fifteen to twenty watts of input power.

This significantly

reduced amount of power will also help further reduce the overall size of the charger as stress
levels and operating conditions will be reduced allowing the components to be much smaller.
In addition to the physical creation and adaptation of the pre-existing design, a very
specific and detailed analysis of how the circuit topology operates will be conducted.
Equations that govern each mode of operation will be derived. These equations are critical
to successfully design and select component values for an optimal converter.

The analysis

of each mode will also contribute to an overall understanding of the operation of this
converter and how to best improve upon each individual part.
With results of both the physical hardware and in-depth analysis, further optimization
techniques and procedures will be presented. The transformer will be of particular interest
as it holds several easily changeable parameters and is also easily susceptible to loss should
these parameters not be chosen effectively.

Through analysis and optimization of the

transformer design and operation, efficiency can be improved and maximized to yield a very
efficient capacitor charger.

A new transformer design customized specifically for this

topology will be introduced.

This transformer takes advantage of the unique nature of the

multiple secondary windings of the flyback topology to implement novel winding techniques
for reducing losses within the transformer.
Efficiency was the primary concern for this research.

Just the creation of a capacitor

charger capable of charging up to three thousand volts would not be sufficient if the
efficiency is low. The charger would have to exhibit good efficiency otherwise it would not
be valuable as an improvement on past and present techniques and designs.
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Target

efficiency would be greater than eighty percent.

The previously discussed charger was

capable of achieving peak efficiency in the mid-nineties.

However, that charger used

approximately two hundred watts while this design calls for a much lower power for reduced
size and cost.. For this low power charging application, peak efficiency within the range of
eighty-five to ninety percent will be the target.
A mathematical analysis is explored and will yield a system capable of optimizing
several parameters at once.

These optimization techniques will be very flexible and will

yield ideal results for a broad range of designs and applications.

Designers will be able to

input the specific criteria of their application. After selecting specific values and tolerances
for several parameters, the optimization calculations will be able to yield the ideal values for
the remaining parameters.
The system of equations will produce several graphs plotting converter losses and overall
efficiency.

These three dimensional plots will plot efficiency versus a pair of component

parameters, such as turns ratio (N) or output voltage (Vo), and the areas of peak efficiency
within the range of those parameters will be clearly evident. The system can also be set to
optimize under constant input power or constant peak current mode, adding more flexibility
to the types of designs it may optimize.

The system will be able to plot efficiency versus

any two parameters chosen from a list of eight to ten variables.

This mathematical system

also utilizes an optimization process of its own to minimize calculation times.

This

improves the speed of graphical outputs and also helps avoid potential crashes of the program.
To simulate and graph these results, a program of high computational strength will be
required. MATLAB becomes an ideal fit for this process.
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It has also been proven to be a

successful tool for optimization of this particular capacitor charging process [2].
Using these results, the designer will be able to maximize the efficiency of the system
specifically for their application and specific criteria. The ability of the system to compute
several parameters within the system makes it very flexible for the design process.
Depending on the requirements the designer may want, the rest of the converter components
and operating conditions can be optimized in a matter of seconds.
This more efficient and cost effective approach to capacitor charging coupled with the
extensive optimization process paves the way for this converter to be marketable to the
industry. Further efficiency, cost, and size improving features and improvements are studied
and proposed for future endeavors. Future research areas and design opportunities will be
explored including packaging and output voltage regulation through feedback.
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CHAPTER 2: TOPOLOGY DESIGN

There are several design criteria for achieving high efficiency when charging a capacitor
from zero to several thousand volts.

Robust and extensive control of the charging cycle is

imperative to the correct operation and efficiency of the circuit.

Successful control is

important when discussing the safety and reliability of a circuit that will be charging up to
several thousand volts and could potentially become very dangerous if not correctly handled
by the control mechanism.

The circuit should be small in physical dimensions, making it

suitable for almost all applications, especially those with physical constraints.
The flyback converter topology meets many of the desired criteria of the charger. Since
a high voltage is desired at the output, the flyback converter boost ability, in addition to the
transformers turn ratio, will allow for such a requirement to be fulfilled efficiently. The
flyback configuration also allows for electrical isolation and reduced stress on the primary
switch. In addition, a flyback topology for this application has already been proven to
achieve very high efficiencies [1], [2].
Using the flyback converter design, the rest of the components can be selected for the
capacitor charger.

The board will have a single input line that will vary from approximately

eighteen to twenty-four volts and single output line to deliver the charge to the capacitor.

A

custom transformer will be designed and implemented to match the exact turns ratio, core
spacing, and core material suited for correct operation and optimal efficiency.
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Figure 1: Charger Topology

2.1 Charger Controller
In addition to the overall charger topology, a control scheme is required to effectively
govern the converter operation. Proper control is crucial when optimizing efficiency and
managing safety concerns.

A controller that can handle all the necessary control and charge

signals, all on a single chip is necessary to minimize cost and reduce size.

It must also be

robust and flexible to tailor the capacitor charger to any application without having to replace,
reprogram, or reconfigure the existing controller.
To meet the controller requirements, the LT3750: Capacitor Charger Controller from
Linear Technologies was chosen. A linear regulator was implemented to bring the input
voltage down to twelve volts to power the chip. The controller remains in standby until the
charge pin is raised.

At this point, the controller conducts a new charge cycle [3].

An off-board switch was implemented externally so that the user could manually initiate
the new cycle.

Due to the overall small size of the circuit board, an on-board switch would
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be within a few inches of the output capacitor where extremely high voltages are present.
The external switch allows the user to maintain a safe distance from the high voltage output.
The switch is wired from the board a few feet away and also makes use of an RC filter to
eliminate noise on the switch line to ensure safety.

Unaccounted for noise or voltage spikes

on the switch line could accidentally initiate high voltage charging.

The resistor also serves

to limit the switch current from the switch line to prevent high currents from damaging the
controller.
Once the charge cycle has begun, the controller will continue the charge process until
either the desired output voltage is reached or the user initiates shut off with another flip of
the switch [3]. To monitor the system, the controller makes use of several current detection
pins.

While the capacitor is being charged, the controller operates the system in peak

current detection mode by sensing the voltage across an external sense resistor.

While the

switch is on, the primary current from the transformer will pass through this sense resistor.
The controller sense pin will measure the voltage across this resistor and compare it to
seventy-eight millivolts. If the measured voltage is equal to or greater than this comparison
value, the controller will turn the switch off. By selecting the sense resistor value, the peak
value of the primary current may be selected.

However, it is important to note that there is a

delay between when the voltages are compared and when the switch is actually closed.

If

the rise rate of the transformer primary current is too great, the peak current may reach
extreme and undesirable values before the switch turns off.

For this reason, it is important

to maintain a suitably large value of the primary inductance. This will be covered further in
Chapter 3: Transformer Design.
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For this design, a sense resistor value of twenty-two milliohms was used.
results in a turn-off peak current of approximately four amps.
allow the converter to push more power.

This value

Using a smaller value would

However, reducing the sense resistor also

increases the primary current peak turn-off limit. Thus, a greater amount of stress would be
present upon the transformer core.

These additional stresses would outweigh the benefit of

having additional power from an efficiency standpoint.
Throughout the charge cycle, the controller also operates the system in discontinuous
conduction mode (DCM).

The DCM pin senses when the primary transformer current

decays to zero and then initiates another charge cycle until the target voltage has been
reached.

A benefit of DCM operation is that no energy is stored within the transformer,

allowing for smaller transformers and thus a significantly reduced overall size of the charger.
Since size is a design constraint, this mode of operation is the ideal case.
While operating in DCM, the system also allows for zero current turn on that
significantly reduces switching losses in the primary transistor.

Negative consequences of

operating in DCM include increased current swings and peak currents, especially within the
transformer. These increased current spikes will have to be accounted for when designing
for optimal efficiency [1].
The charge controller also operates the important task of driving the gate signal of the
primary switch and the second stage auxiliary switch.

As the output voltage increases, the

controller will gradually begin to shorten the switching period.

Thus, the switching

frequency increases significantly as the output voltage increases [3].

The gate pin of the

controller must be able to control the frequency as well as discontinue switching once the
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target voltage has been reached or manual shut off has occurred.

2.2 Control Elements
In conjunction with the charge controller, several components influence the control and
selection of several of the charger processes.

The value of several key components will set

thresholds or parameters of the charger. For example, the values of the resistors RBG and
RVout work together to set the target output voltage along with the transformer design [3].
The target output voltage is set using a combination of both the transformer turns ratio
and an output voltage sense resistor.

Another sense pin on the controller chip detects the

output voltage based on reflected voltage on the primary side of the transformer.

While the

sense resistor is used to determine the specific target voltage, the turns ratio of the
transformer also has an effect on both the target output voltage and the charge time.
The transformer turns ratio should be tailored to the specific application and desired
output voltage range.

It is important to remember that transformer core losses increase with

a larger turns ratio due to additional stress placed on the core and windings.

However, a

lower turns ratio results in a higher reflected voltage across the primary switch.
important to find a compromise between the two extremes to optimize efficiency.

It is
This is

discussed in depth in the optimization section.

2.3 Active Snubber Circuit
One of the most important components of the capacitor charger is the energy recovery
circuit.

By placing an active snubber circuit comprised of a diode and capacitor across the

primary switch, energy that is normally lost during the switching phase can be retained and
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fed back to the system. This addition to the circuit has dual benefits. First and foremost,
efficiency is greatly improved by recovering lost energy.

Second, noise is substantially

reduced or eliminated from the switching waveform.

Figure 2: Implemented Energy Recovery Circuit

Figure 3 Energy Recovery Circuit Schematic

The active snubber circuit is comprised of an auxiliary switch, diode, capacitor, and
inductor. The auxiliary switch is driven by the same gate signal as the primary switch.
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When the switches are turned off, the primary inductance will attempt to continue to push
current flow through the transformer.

The parasitic nature of the system will create ringing.

Generally, a snubber circuit would be used to dampen this ringing and reduce the associated
switching losses.

However, the energy collected in many of these designs would still be lost

and efficiency would suffer.
Energy normally lost to ringing is captured and stored within the snubber capacitor. By
implementing an inductor and auxiliary switch, the energy can be channeled back to the input
line.

The snubber diode restricts the capacitor energy to be discharged only through the

auxiliary circuit.

When the primary switch is shut off, the voltage across the capacitor will

rise as it collects the excess energy from ringing. The energy will remain stored within the
capacitor until the auxiliary switch is turned on. At this point, current will discharge from
the snubber capacitor through the auxiliary inductor and back to the input where the energy
can be used again in the transformer.
The purpose of the auxiliary inductor is to further reduce switching stresses. When the
auxiliary switch turns on and discharges the snubber capacitor, the auxiliary inductor will
pick up energy.

Once the capacitor is fully discharged, the inductor will oppose the

immediate drop in current and will pull current from the primary switch for a short time.
This extra pull of current by the auxiliary inductor will significantly lower the peak current
experienced by the primary switch and thus reduce the maximum stress upon it.

2.4 Output Diodes and Capacitors
The output diodes and capacitors must be carefully chosen to withstand the high voltage
existing on the secondary side of the transformer. Current carrying capabilities are not an
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issue as the secondary windings experience very small amounts of current.

As the

transformer passes energy to the secondary, the voltage will rise in steps as large as several
hundred volts over a small time period.

It is therefore important that the diodes and

capacitors are not only capable of withstanding high voltages, but that they can withstand
rapid swings in voltage.

The energy is passed almost instantaneously, so the output

components must be selected with care.
The output diode will have to sustain voltages within the two to three kilovolt range.
Depending on the application and desired output voltage of the capacitor, the diode may have
to be rated higher or lower.

One of the benefits of having two secondary windings in the

flyback converter topology is that each set of windings will handle only half of the desired
output.

This allows the diode selection to be made for lower voltages.

The diode selected for this application was the Fairchild Semiconductors UF4007. This
diode is capable of blocking a maximum voltage of 1000 volts. The forward voltage drop is
also small at approximately 1.7 volts [7].

Combined with the small secondary currents,

there will be small forward conduction losses.

A string of these diodes in series will be used

based on the target output voltage. Only one or two diodes will be required within the string
for each stack for output voltage ranges from 1500 to 4000 volts.

This allows for ease of

customization as the strings can be easily modified for different target output voltages.
Similar to the output diodes, the output capacitor must be able to withstand and store
thousands of volts.
charger.

It must also be compact to maintain a small size profile for the overall

Reliability at high voltages and minimum size become the key factors in capacitor

selection. Ceramic capacitors are an ideal fit for this purpose for several reasons. In terms
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of size, disk-type ceramic capacitors can be made very small. Their size can be comparable
to most transistors.

Additionally, ceramics have excellent reliability and are able to

withstand the high voltage environment inherent in this charger design [8].
To accommodate these component requirements, the Murata disk-type, high voltage
ceramic capacitor series was selected.

In particular, the charger will make use of two of the

6kV rated capacitors. The two capacitors will be placed in series with each other within the
two secondary stacks setup.

These capacitors will store the energy to be passed to the off

board capacitor.
Three of these same capacitors were used in parallel to stabilize and remove noise from
the high voltage output.

They were placed across the two capacitors in series.

The

primary purpose of these parallel output capacitors was to filter the output to ensure a clean
DC voltage.

2.5 Multi-Stage Design Process
For comparative analysis, multiple stages of the topology were examined.

With each

stage being altered in a significant way, it will be easier to assess a quality comparison
between the stages.

A basic board was implemented as the first stage charger that did not

include the soft switching and energy recovery elements.

Other than those capabilities, this

first stage charger is capable of performing every operation and sensing procedure
implemented in the overall design. The second stage charger was then designed to include
the advanced circuitry including the snubber circuit and the auxiliary switch and inductor.
By doing this, full analysis could be made of how effective the additional circuitry was at
improving efficiency. Both iterations were kept identical in all other respects, including
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transformer design, component selection, and operating conditions.
The third installment was a charger identical to the advanced stage two charger except
that the transformer was now altered.

This was to examine how variances in the transformer

design can have an effect on the overall efficiency.

Advanced optimization techniques were

applied to the transformer to fully minimize losses due to leakage and coupling issues.

In

addition to the critical alterations of the advanced circuitry and the transformer design, other
lesser circuit areas and components were investigated to explore their overall effect on the
charger efficiency.

These areas included output diode selection, RC filters across the

primary, snubber capacitance, and input capacitance.

In total, several parameters were

varied to study their overall effect.
Variances in operating conditions were also employed as a means to optimize efficiency.
Wide ranges of input and output voltages were studied to find the relation between increased
input power, charging voltage, and efficiency.

The results of this investigation are covered

in Chapter 4: Data Analysis and Chapter 5: Optimization Techniques.

2.6 Simulation Results
Once the basic design was complete, it is of vital importance to simulate the entire
system.

This helps to ensure that the design operates correctly and is fully functional before

physical hardware implementation takes place.

A substantial amount of software and

hardware debugging can take place at this time. This saves time and money as the board
and components were selected, purchased, and built only once the design has been deemed
production ready.
A great asset to the simulation process was the availability of the simulation model for
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the LT3750 developed directly by Linear Technologies, Inc. Linear also offers a simulation
package named LTspice.

Through the use of this software, a very comprehensive and

accurate model of the system was achieved. Figure 4 below depicts the Stage-Three charger
simulation circuit.

Figure 4: Stage Three Simulation Schematic

Through this model, multiple modes of operation could be studied.
for flexibility and ease of modification.

This also allowed

The effect of such alterations could easily be

observed through the graphical results of the system.

Several component values could be

experimented with to document the effect of varying these values.
Figure 5 below depicts the resulting waveforms for the output voltage and switch node
from the simulation model used for this design. The simulation also performs this important
task of graphing the waveforms of the system.

Not only can the theoretical operation be

confirmed through this process, but these waveforms help give an estimate of the ratings
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required for each component based on the stresses calculated in the simulation.

Connecting

all the components together will also provide an idea of what the overall layout will look like
once complete.

Figure 5: Simulation Results for Output Voltage (top) and Switch Waveform (bottom)

We can see in Figure 5 the value of the reflected voltage present in the switch node
increases with an increasing output voltage.
the primary switch can be evaluated.

From this plot, the minimum voltage rating for

Thus, the correct component choice can be made for

these operating conditions.

2.7 Circuit Board Layout
The overall layout of the capacitor charger circuit would have to be carefully decided
upon and implemented to minimize conduction losses and size. Also, the board components
would have to be easily accessible to be quickly changed out throughout the experiments.

17

This requirement keeps certain designs, such as dual sided or multi-leveled boards, from
being practical during the testing process.
Special considerations would have to be made for the high voltage characteristics of the
charging process.

Proper placement and spacing of components and traces becomes crucial

in order to prevent any short circuit failures across the board.

These considerations, along

with the overall flow of energy through the circuit, will have to be carefully implemented to
achieve the most efficient and size appropriate converter.
The central nature of the controller chip makes it critical that this component be placed in
the most accessible location on the board.

Also, since the controller operates using several

current sensing pins, it is important that the resistance of the traces to those pins does not
significantly reduce the current.

Thus, it is important that the chip be as close as possible to

the areas where sensing is taking place.
Keeping the high voltage components separate from the standard low voltage
components is also important to prevent shorting and endangerment of these components.
To handle this issue, the transformer was placed in the middle of the board with the regular,
primary side components to the left of the transformer and the high voltage, secondary side
components on the right.

The input lines would be connected on the left edge of the board

and the output lines would be placed across the right side. Figure 6 below illustrates the
layout of the converter.
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Figure 6: Board Layout

The figure above depicts the flow of current throughout the circuit layout.
current is provided at the input line from the voltage and current source.

To begin,

The current then

flows to the transformer. Along the way, current is filtered through capacitors to provide
current to the controller chip.

Once the current reaches the transformer, it becomes the

primary current to take process in storing energy within the transformer. The growing
primary current passes through the switch during this primary charging stage.

At the same

time, the snubber capacitor is discharging through the auxiliary circuit back to the input.
During this stage, current sensing takes place at several points as the controller monitors the
cycle of stages.

Once the switch turns off, energy stored within the transformer is released

as current through the secondary windings and to the output capacitor.

These stages, or

modes, of operation are described in greater detail in the next chapter.
Figure 7 below shows the physical realization of the above board layout plan. The
hardware maintained this overall arrangement of components to minimize size and make

19

implementation and operation as easy as possible.

This layout also maintains electric

isolation of the high voltage output from the standard components.

Having them too close

could prove dangerous and the entire board could be destroyed in the event of a short circuit.

Figure 7: Physical Realization
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CHAPTER 3: CIRCUIT ANALYSIS

In order to find the most efficient means of operating this converter, extensive analysis
and study must be given to the operation overall. By doing so, one may obtain the most
ideal values for parameters and components to give the exact desired specifications.

The

graph in Figure 8 displays the most significant waveforms of the converter during operation.
These parameters are of key importance to fully understanding the specific operation during
all modes of the charger.

3.1 Circuit Modes of Operation
The wave forms cycle has been broken into seven modes of operation.

These modes

continue to repeat in order until either the target output voltage is reached or the user
manually shuts off the system by use of the external switch discussed previously. For ease
of analysis, the initial mode will occur once the transformer has already stored energy from
the primary side current. At the starting time, t0, the primary current has already shut off as
have both transistor switches, S1 and Sa.
Each mode has a series of governing equations that define the operation during that time
period.

In the following mode analysis, a brief explanation will be given to describe the

operation during each mode and which parameters govern that particular mode.

In addition

to the descriptions, the most important equations will also be given to help depict what is
taking place during each period.
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Figure 8: Charging Waveforms
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Mode 1 (t0 ≤ t < t1)
During Mode 1, the two switches have just been shut off at t0. The current on the primary
side has been reduced to zero. The switch voltage (VS1) begins to rise to the off threshold.
However, this is not an instantaneous rise as the rise is slowed to allow for zero-voltage
switching (ZVS) to be performed.
Z0 :=

Lm + Llk

ω0 :=

Cs + Cp

( (

1

(Lm + Llk)⋅ (Cs + Cp)

)) + Vin

VS1( t) := Z0⋅ ipk⋅ sin ω0 t − t0

⎛ N1 ⎞
VCs t1 := Vo ⋅ ⎜
⎟ + Vin
N2
⎝ ⎠

( )

Mode 2 (t1 ≤ t < t2)
Initially in Mode 2, the voltage across the primary is a reflection of the output voltage
(Vo) equal to the output voltage over the turns ratio, or (N2/N1)*(Vo).

Next, the energy

stored on the primary side is completely transferred to the secondary. Current immediately
begins to discharge the energy to the output capacitor. The peak secondary current (Isecpk) is
equal to the primary current divided by the turns ratio and number of stacks.
I.pk
I.secpk :=
N.2
⋅N
N.1 .s

Based on how many secondary windings are present, the current will divide equally
among them.

In response, the output voltage (Vo) begins to rise at a slowly decreasing rate.

Eventually all of the energy from the secondary will be transferred to the output capacitor and
the output voltage will become constant.

As this happens, the secondary current diminishes

to zero at a rate equal to the output voltage over the secondary inductance and number of
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stacks.

At this point, the mode ends.
−Vo
N1
iLsec ( t) :=
⋅ t − t1 + ipk⋅
Lsec ⋅ Ns
N2⋅ Nstacked

(

)

( )

iLsec t2 := 0

Mode 3 (t2 ≤ t < t3)
Mode 3 begins once the secondary current has completely diminished.
present across the primary switch, S1, but it begins to decline.

Voltage is still

This decline is brought about

by the parasitic capacitance resonating with the magnetizing inductance, LP.

As the voltage

declines, current begins to flow through the switch in the reverse direction through the body
diode present within the transistor. The reduction in voltage and reverse current allow for
both zero-voltage and zero-current soft switching (ZVS, ZCS), which in turn lowers the stress
experienced by the circuit components.

The reverse current can be seen on the primary

current (ILpri) graph as a dip just before the primary current begins to store energy in the
transformer. This mode ends once the primary switch voltage has completely diminished.
N1
ILpri( t) := −Vo ⋅
⋅ sin ω1 t − t 2
N2

( (

))

2

N1 ⎞
⎛
2
− ⎜ Vo ⋅
− Vin
⎟
N2
⎝
⎠
ILpri( t 3) :=
Z
1

N1
VS1( t) := Vo ⋅
⋅ cos ω1 t − t2
N2

( (

)) + Vin

( )

VS1 t3 := 0

Mode 4 (t3 ≤ t < t4)
This is a very short mode that exists while the reverse current through the primary switch
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body diode returns to zero.

It begins with the body diode conducting the maximum amount

of reverse current. From then on, the current linearly diminishes towards zero. As it
diminishes, the primary switch turns on making current in the forward direction possible.
The input voltage over the primary inductance sets this linear rise rate. The mode ends in
conjunction with the activation of the primary switch.
Vin
iLpri( t) :=
⋅ t − t 3 + iLpri t3
Lpri

(

)

( )

Mode 5 (t4 ≤ t < t5)
This mode begins when the primary and secondary switches activate and turn on.

Soft

turn on of the primary switch is made possible by the aforementioned ZVS and ZCS
mechanism.

Reverse current in S1 is still present for a small amount of time.

Once the

current becomes positive, the primary switch itself will begin conducting the current and the
rise rate in the current is controlled by the same ratio of input voltage over primary
inductance from Mode 4.

During this mode, the current in the auxiliary inductor (La) begins

to increase as the snubber capacitor discharges through it.

This current, after passing

through the inductor, is channeled back to the source line at the input. Due to this process,
efficiency can be greatly improved.

This current increases at a diminishing rate until it

complete flattens out at t5. The snubber capacitance passes all the stored energy until the
capacitor voltage reaches zero.

This point corresponds with the peak of the auxiliary current.

Now that the capacitor has been drained of all the stored charge, the auxiliary inductor will
begin to draw current from the primary switch current.

This current pull will bring the S1

current down significantly and help to reduce switching stresses and losses.
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At this point

the mode ends.
Z2 :=

La
Cp

⎛ N1 ⎞
VCs t 4 := Vin + Vo ⎜
⎟
⎝ N2 ⎠

( )

( )

iLa t4 := 0

1

ω2 :=

La⋅ Cp

N1
VCs( t) := Vo ⋅
⋅ cos ω2 t − t4
N2

( (

)) + Vin

Vo N1
iLa( t) :=
⋅
⋅ sin ω2 t − t 4
Z2 N2

( (

))

2

N1 ⎞
⎛
2
⎜ Vo ⋅ N ⎟ − Vin
2⎠
⎝
iLa( t 5) :=
Z
2

Mode 6 (t5 ≤ t < t6)
This mode begins when the current through the auxiliary inductor (La) is at a maximum.
All the energy stored in the snubber capacitor has been discharged.

In opposition to

instantaneous current turn off, the auxiliary inductor will begin to pull current from the
primary side of the transformer through the snubber diode.

The primary current (ILpri) is still

increasing as energy is being stored in the transformer.

The mode ends once the current

through the auxiliary inductor has been reduced to zero.
−Vin
iLa( t ) :=
⋅ t − t5 + iLa t 5
La

(

)

( )

iS1( t) := iLpri( t) − iLa( t)

( )

iLa t6 := 0

Mode 7 (t6 ≤ t < t7)
This mode begins once the auxiliary inductor current has reached zero. Once this has
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occurred, all the primary winding current of the transformer must again be passing through
the primary switch.

This current lasts a fairly small amount of time and is characterized by

the continued increase of the primary current as the transformer finishes charging the primary
side. This mode ends once the primary and auxiliary switch are turned off and primary side
charging ends.

At this point, the cycle continues again until the target output voltage is

reached or the converter is manually shut off.
This completes the analysis of the modes of operation for this converter. Regardless of
the more specific values and specification chosen for the charger, by using this analysis one
can fully understand, design, and predict the operation in each of the described modes.
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CHAPTER 4: TRANSFORMER DESIGN

The transformer is a crucial part of charger circuit.

If not designed well, a significant

amount of energy can be lost within the transformer and efficiency will suffer.

The

transformer carries out the important task of converting the input power from a low voltage
and low current to a very high output voltage and small current.

The transformer does this

through the use of a magnetic core for energy storage. The voltage gain is dependent upon
the turns ratio of the primary coil to the secondary coil.

4.1 Transformer Structure
There are several configurations for a transformer structure.

Initially, the core type

must be chosen based on several design criteria. The varying core types, such as toroid,
planar, and ‘E’ cores, each has specific benefits and drawbacks, as discussed in [4].

In

addition to the physical shape of the transformer core and support, the magnetic material of
the core must also be selected.
Due to the nature of the capacitor charging application, several criteria are outlined for
the design of the transformer.

The thickness of the primary coil must be large enough to

handle peak currents of 4 amps.

Since a great amount of stress will be applied to the

magnetic core, temperature cooling is also an issue. Therefore, a shape that allows for heat to
be easily removed from the core is desirable. Finally, because the target output voltage is so
high, the turns ratio of the transformer will also need to be very high to be capable of
reaching that voltage efficiently. It must also be easily mountable or simple to integrate
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onto a small printed circuit board. These restrictions and requirements are used to select the
most ideal transformer for the charger application.
Several shapes are evaluated for use with the capacitor charger.

The following designs

are the most suitable. The toroid structure provides a simple, circular core or ring. This
shape allows for the best temperature cooling due to easy airflow through the middle of the
ring.

However, it is also constrained to only using few or small diameter windings due to

the physical size of the opening.

This makes the toroid shape unattractive since the primary

windings require large diameter windings.
Planar structures can be smaller in size and the windings can be even integrated directly
as traces in the circuit board. These trace windings would have to be spaced for voltage
insulation, especially between the secondary windings. Considering the turns ratio is very
high, the number of secondary turns could easily be more than one hundred.

Having that

many spaced windings on a circuit board would require a large amount of space.

Also, if

any changes or improvements were made to the transformer and the number of turns would
have to be adjusted, an entire new set of boards would have to be ordered.

These drawbacks

make this setup very difficult to customize.
Finally, the ‘E’ structure was evaluated and deemed to be the most desirable for this
application.

The simple double-E configuration, as shown in Figure 9, leaves two large

winding windows that allow for several large windings of the primary and many smaller
windings of the secondary.

This core structure is also easy to gap and adjust the inductance

values as more primary winds are added.

With a round center leg, the ‘E’ structure can also

minimize winding resistance and allow for a larger wire thickness [4].
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The center leg is

often times twice the area of the outer legs.

Also, in combination with a bobbin frame, the

‘E’ shaped core is easy to mount on a printed circuit board.

Figure 9: 'E' Transformer Core Structure

Now that a transformer structure has been selected, the core material itself can be chosen.
There are several magnetic cores available for transformers.

They range in parameters such

as permeability, temperature response, and frequency handling. They vary in purpose and
application. The material of the core also has an effect on what shapes can be created from
them.

Not all materials can be formed into the ‘E’ structure, for example.

In summary, it

is very important to select a core material that fits with the application of capacitor charging
in a flyback design to minimize core losses. The 3C90 core was selected for the capacitor
charger. This core is capable of withstanding the four amp peak currents and also comes in
the desired shape.

4.2 Turns Ratio (N)
One of the most important characteristics of the transformer is the ratio of the primary to
secondary turns.

Once the core type and structure are selected, the ratio of turns must be
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determined before the transformer can be wound. This ratio must be carefully selected to
balance several characteristics including charging time, charging power, output voltage,
conduction losses, and transformer stresses [4].
Unfortunately, none of these parameters can be maximized or minimized without
adversely affecting the losses of the system. Minimizing the charge time requires a low
value for N, however doing so requires additional primary turns which adds to the conduction
losses of the system.

Additionally, a lower N value translates to higher reflected voltages

that will add stress to the primary switch.

Lower N values also make attaining higher output

voltages more difficult [9].
However, additional primary turns and thus a lower N value also improve coupling
between the primary and secondary winds.

This helps to lower the stress on the transformer

and reduces losses.

Lower turns ratios also limit the capacitance reflected to the primary

side substantially.

The presence of a high reflected secondary capacitance has adverse

effects upon the charging cycle and efficiency overall as discussed in [9].

It is important to

find the most efficient compromise between the benefits and drawbacks.

Optimization

techniques for doing so are discussed in the next chapter.

4.3 Core Saturation
Transformer cores can only withstand the stress of peak currents up to a certain point.
Once the current become too high, the transformer will enter what is known as saturation.
This occurs because the magnetic flux limitations of the transformer core have been exceeded
[11].

These limitations are specific to the core shape, size, and material.

These quantities

can be calculated to find the threshold values at which saturation will begin to occur.
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The parameters involved in finding the saturation limit are the effective area of the core
(Ae), input voltage (Vin), the number of primary turns (NP), and the on time (ton)).

For the

capacitor charging application and selected transformer, the input voltage, effective area and
on time are already determined.

The maximum magnetic field (Bmax) that the core can

withstand without saturating is also known.

Using these known parameters, the minimum

number of primary turns required to keep the transformer from entering saturation can be
found.

The equation below presents this relationship.
Vin⋅ t on
Nmin :=
Bmax⋅ A e

If less primary turns are used than this determined minimum, the transformer will enter
saturation during the operation of the charger causing undesirable effects and results.

Thus,

the next integer above the calculated minimum can be used and saturation will not occur.
However, this may still not be the most efficient number of primary turns.

Once the desired

number of primary turns is found, the transformer is ready to be wound.
For this particular charger design, the following parameter values are used:
Vin := 18⋅ V

2

A e := 76⋅ mm

Bmax:= 0.4⋅ T t on := 5⋅ μs

Resulting in the minimum number of primary turns equal to:
Nmin := 2.961

This quantity is rounded up to the nearest integer, or three in this case. Therefore, given
the specifications of this application, a minimum of three primary turns is required to keep
the transformer from entering saturation.

Thus, the initial design for the transformer

implemented one hundred and twenty secondary turns and three primary turns.

This results

in an overall effective turns ratio of forty, or two secondary stacks with a turns ratio of
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twenty.
Figure 10 below depicts the primary current of the transformer for primary turns of four,
three, two, and one.

As shown, as the number of primary turns is reduced, the peak current

increases substantially. As discussed in the previous chapter, the controller will begin to
turn off the switch once a peak current of approximately four amps is reached.

However,

with fewer and fewer primary turns, the primary inductance will decline substantially.
causes the rise rate of the primary current to increase, as well.

This

This rise rate is calculated by

dividing the voltage across the primary side of the transformer by the primary inductance [1].
Therefore, when the primary inductance is reduced, the rise rate will become very high.
When using four primary turns, the rise rate is slow enough that the controller can shut
the switch off at a peak current of approximately four amps.

For only a single primary turn,

the rise rate is so fast, that even though the controller begins the switch turn off process when
it senses four amps, the peak current reaches nine amps before it can turn off completely.
Due to this effect, it becomes undesirable to use a primary turns ratio of less than three turns
because substantially higher peak currents will add greater amounts of stress upon the core
and it will become saturated much quicker.

33

Figure 10: Peak Current vs Turns Ratio

4.4 Transformer Winding
There are several methods for winding a transformer. Different winding methods take
advantage of certain techniques for reducing leakage and losses based upon the application
and type of converter. The main issues taken into account when winding a transformer are
the wire-to-wire capacitance and potential difference. When high levels of voltage are
present upon each winding, if they are not properly spaced and insulated, neighboring wires
may short to one another destroying the transformer. This can be a frequent problem with
windings that take several layers, as each wind increases in potential. Although the potential
difference between the previous and next winding will be minimized, if layered stacks are
used, the windings placed on top of the lower stack will create a significant potential
difference and be susceptible to shorting. In addition to this obstacle, wires with significant
potential difference and within a small proximity of each other will create stray capacitances
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within the transformer, also lowering performance. Multiple layered stacks of windings
may also encounter significant exponentially increasing losses with each layer [11].
To solve this problem, insulating material can be placed between the two stacks to
provide voltage protection between the stacks. Increased insulation and spacing between
windings also reduces the stray capacitance that forms between the windings.

This method,

however, increases the distance between the primary and secondary windings, thus reducing
the coupling of the two windings.

It is a frequent design recommendation to have the

primary and secondary windings placed as close as possible without risking electrical shorts
[5]. Reduced coupling between the primary and secondary winding will increase leakage
within the transformer.

Increased leakage leads to increased losses and lower efficiency.

Since there will be a great amount of secondary windings to accommodate a high turns
ratio, multiple layers will be needed, one stacked upon the other. Due to the unique nature
of having multiple outputs on the secondary side, a novel scheme for winding the transformer
may be implemented to accommodate solutions to the aforementioned winding issues.
Allocating each stack layer of the secondary to each of the outputs and having an identical
number of windings on each stack can reduce each of the aforementioned issues substantially.
The following diagram in Figure 11 depicts this winding scheme.
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Figure 11: Transformer Winding

Having each output winding contained in an individual stack and keeping the winding
direction and alignment the same for both stacks will address these problems.

Each stack of

the secondary is wound and then tied off. By doing this, as the windings in each stack
increments, the neighboring winding of the adjacent stack will also increment and maintain
almost identical potential.

For example, the sixth winding of the first secondary stack will

carry the same potential as the sixth winding on the second secondary stack. This is a result
of having an identical number of windings in each stack. With each increment in the
winding, an equal amount of potential is incremented on both stacks.
Having this equal potential neighbors scheme within the secondary solves many of the
issues. Shorting becomes much less of an issue because there is no longer a significant, if
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any, potential difference between the higher and lower stack at each winding.

Stray

capacitances within the transformer are minimized due to the removal of potential difference.
Also, since the danger of shorting is significantly reduced, less insulation material is needed
between the stacks, thus improving coupling and reducing leakage losses. Overall, this
winding scheme is only plausible in a scenario that requires or has an option for multiple
outputs.

By using the same number of windings within a stack and allocating each stack to

a single output, many of the issues that plague transformer design are eliminated or reduced.

4.5 High Frequency Issues
There are several issues that arise when dealing with a high frequency current.
issues include the skin effect and the proximity effect.

These

These two effects can significantly

increase your conduction losses in the primary and secondary windings if not accounted for
in the design.

It is important to recognize the circumstances and conditions under which

they arise and then how to prevent and minimize their respective effects upon the losses of
the transformer.

Both of these effects stem from the electromagnetic characteristics

associated with AC current including the variation in the induced magnetic field and eddy
currents
As current flows through a conductor, a magnetic field is induced.

The strength and

size of the magnetic field is proportional to the amount of current flowing.

With a DC

current, these fields remain constant and have little effect upon current flow within the
system.

However, as AC current is introduced, the fluctuation of the magnetic field within

the system will have substantial effect upon the current flow.
increase this phenomenon.
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Higher frequencies will

Specifically, this fluctuation will induce ‘Eddy Currents’. Eddy Currents are circulating
electrons within the conductor that oppose the change of the magnetic field.

Eddy currents

increase in strength with stronger magnetic fields and higher conductivity of the conductor.
They serve to further increase the resistance of the conductor and thus generate increasing
amounts of heat [13].

Overall, they can increase the losses of the system.

These induced Eddy Currents in part give rise to both the Proximity and Skin Effect.
The Proximity Effect occurs when AC current conductors are grouped in close proximity.
They begin to induce Eddy Currents within each other that increase the AC resistance of their
neighbors.
This effect is closely related to the Skin Effect.

As the current flowing increases in

frequency, the current of a conductor will begin to flow increasingly near the surface of the
wire or cable.

It will quickly create a distribution gradient where most of the current will

only be conducting near the surface. The following diagram in Figure 12 gives a visual
representation of the Skin Effect.
As this gradient increases, less and less current will flow near the center.
within the wire that current will flow unrestricted is termed the ‘Skin Depth’.

The depth
As the skin

depth decreases, this effectively reduces the cross-sectional area of the conductor and thus
increases the resistance.

The increase in resistance will further the power loss of the

conductor and lower efficiency.

38

Figure 12: Skin Effect

To address this situation, special techniques need to be implemented on the primary
winding.

Since the primary winding can carry peak currents up to several amps and

fluctuates at frequencies up to 120 kHz, it can become very susceptible to these effects.

To

carry the high currents, a wire with a relatively large cross-sectional area will be necessary.
However, as described, at high frequency and with such high magnetic fields present, the skin
depth of this wire would be fairly small almost completely eliminating the conductive area of
the wire and raising resistance.
The solution to this problem is a special form of wire, named ‘Litz Wire’. This wire is
actually a group of smaller wires that together maintain the current carrying capabilities and
cross-sectional area of the equivalent larger wire. By having this collection of smaller wires,
the impact of the skin effect can be minimized or eliminated completely.
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The picture below

in Figure 13 gives an example of Litz Wire.

Figure 13: Litz Wire

The wire must be woven and insulated. If it is not insulated, the wires will short
together and effectively act as the undesirable equivalent larger wire. Similarly, the wires
are grouped so that each strand is woven to experience conditions on both the outside and
inside of the group.

If it is not twisted in this manner, the wires near the center of the group

will experience negative effects due to the AC characteristics and will not conduct well.

By

twisting the strands, each strand will essentially become equivalent to each other in terms of
AC characteristics, thus avoiding the negative consequences of the skin effect.

4.6 Transformer Gap
The gaping of the transformer plays a crucial part in the design process. Once the core
material and structure are established, considerations must be made for how to gap the two
core halves. Using the ‘E’ core formation, the two halves are pressed together and clipped
in place on the transformer bobbin. They can either be pressed together without any gap, or
an insulation material may be placed between the two to create an ‘air gap’.

Depending on

the width of the gap, the spacing will have various effects upon the transformer operation and
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characteristics. Evaluating the benefits and drawbacks of these effects must be taken into
consideration to maximize the efficiency of the transformer.
It has been shown that the presence of a gap has two significant effects.
directly affects the transformer losses.

The first

Studies have shown that as the gap increases, the

leakage of the transformer will increase [5]. AC current also experiences an increased
resistance. Both of these effects increase the overall losses of the transformer. Leakage is
a result of the transfer of energy from one winding to the other not being completely passed
and hence there is an energy ‘leak’.
field relative to that winding.

The energy of the first winding is stored in a specific

When the energy is transferred, some of it is lost because the

next winding is not in the same physical location as the first and thus has a different
orientation to the energy stored. As this disparity increases, leakage increases and more
energy is lost.
The gap size has significant effect upon the leakage.

As energy is collected in the

transformer, most of it is stored in the core window and gap. As the gap increases, more and
more energy is stored there.

Energy stored in the window is not as susceptible to leakage

since it is easier to have two windings within the same window have very similar orientations
to it.

However, energy stored in the gap is at a very specific location and thus to have two

windings have the same physical relation to the gap is very difficult and thus leakage
increases. Due to this phenomenon, it is very important to minimize the gap width to
promote efficiency.

Unfortunately, simply designing for no gap cannot be done, as the

second effect of the gap must be taken into consideration.
The second effect of having a gap is related to the flux of the core.
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The primary

inductance of the transformer is at a maximum when there is no gap at all. As a gap is
introduced and widened, the primary inductance begins to diminish [6].

The permeability is

also reduced, which in turn reduces the flux. Every core material has a maximum flux
before it enters saturation and stops conducting current further.

To prevent saturation from

occurring, both increasing the primary turns and introducing a gap will lower the flux.
However, the primary turns would have to be increased dramatically and would most likely
be unfeasible due to size and coupling constraints.
lower the flux is through the introduction of the gap.

Therefore, the most effective way to
If the gap is too great, the primary

inductance will become very small. As discussed previously, this will have a significant effect
upon the charging speed of the primary side.

If this speed is too fast, then the controller will

not be able to turn off in time and very high peak currents will be experienced.
In conclusion, a middle ground must be found between the leakage and flux effects in the
gaping of the core. Too small of a gap will introduce saturation and prevent desired current
flow. Too large of a gap will create too much leakage inductance and thus prevent efficient
energy transfer from the primary winding to the secondary. From a design standpoint, both
must be taken into careful consideration to fully utilize the transformer for maximum
efficiency.
When selecting a gap material, it is important to select a material suitable for the
conditions. The clips used to hold the core halves in place also apply a great deal of
pressure used to press the two halves together.
fit firmly against each other.

Without a gapping material, the two halves

When inserting the gap material, the material must be able to

withstand this force without becoming susceptible to shrinkage or compression.
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This

consideration includes the materials response to heat.

The transformer core becomes one of

the hottest components within the charger topology and thus the material must not change
size or shape when exposed to higher temperatures.

If either were to occur, the gap could

waiver in width and the primary inductance designed for would alter significantly.
In the capacitor charger design process, a primary inductance was chosen to
accommodate the turns ratio and the specifications of the core material to prevent core
saturation. Once this selection was made, the transformer core was then gapped to achieve
the desired value.

During the initial iterations of the charger, only three primary windings

were used. To achieve the desired inductance, no air gap was used.
A second transformer iteration was designed to improve the performance of the
transformer and charger overall as part of Phase III.

This time, another primary winding

was added to make a total of four primary windings.
maximum flux experienced by the transformer.

This action helped reduce the

This meant that the gap width of the core

would need to be increased to maintain the desired primary inductance. This phase used a
gapping material that was one mil thick to achieve the desired primary inductance. By
doing so, the leakage inductance was increased. However, there are potential gains of
having additional primary winds.

This is further discussed in the following chapter.
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CHAPTER 5: OPTIMIZATION TECHNIQUES
Several key relationships that are crucial to optimization become apparent from the
analytical assessment of the topology.

Those centered upon the transformer can effectively

be described with relation to the parameter N, or turns ratio, equal to NS/NP.

With the

number of secondary windings required to be high enough to achieve a substantial voltage
gain, the turns ratio becomes a function of the primary turns.

The number of secondary

winds is fixed at one hundred and twenty, or two stacks of sixty.

Thus, the only way to

adjust the turns ratio is through addition or removal of the primary turns.
As the turns ratio is decreased with a greater amount of primary turns, two significant
effects take place.

This first effect is that of reflected voltage from the output voltage.

With a lower N value, the reflected voltage will increase.

This leads to greater stresses upon

the components located on the primary side of the converter, especially the primary switch.
With higher reflected voltages, the primary switch will have to be rated higher to deal
withstand the increasing voltage. This will contribute to higher conduction losses as the
higher rated MOSFETs have a higher drain to source resistance.
The second effect produced by increasing the primary turns is an increased amount of
conduction loss within the windings themselves.

As the amount of primary turns is

increased, the amounts of copper wire that the primary current must travel through also
increases. The primary winds are done with a very thick wire composed of approximately
twenty six smaller copper lines.

As current flows over this extended distance and in that

amount of copper, losses due to conduction increase noticeably.
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Increasing the turns ratio will reduce many of the negative consequences just described.
However, decreasing the amount of primary turns and thus increasing N also has negative
consequences.

As described in the Transformer Design chapter, decreasing the primary

winds introduces an increased amount of core stress and thus creates additional core loss.
This effect occurs because with fewer primary turns, each winding will hold more and more
current. Also, the coupling between primary and secondary windings will diminish as with
fewer primary turns, many of the secondary turns will be located a significant distance further
from the nearest primary wind.
It is of crucial importance that an optimal point or trend for the turns ratio is found.
Designs many times cannot simply call for the smallest or largest possible values, as there are
negative consequences of each extreme.

If the comparison is found to not affect efficiency

substantially, it may be that the cost of such a converter becomes very high as parts may
become more and more expensive for extreme operating points.
It is important that reliable methods be developed for finding these optimal parameter
values to maximize the overall efficiency of the charger. Given that different designs will
call for different specifications, it is important to create a tool that can adjust the parameter
optimization solving method for a range of inputs.
soft switching, switching losses will be neglected.

Due to the successful achievement of
In the optimization process, those losses

are theoretically reduced by a significant amount. Some related losses are still characterized
within the conduction loss analysis.

5.1 Mathematical Optimization
After in depth analysis is complete, it becomes possible to fully utilize the derived

45

relationships and ascertained values to create a system of equations to solve for critical
parameters.

By building this process symbolically it becomes capable of solving for every

parameter systematically.

Designers will be able to present a list of specific requirements

for most parameters and the system will solve for the remaining ones to create the most
efficient charger possible given the initial input criteria.
The first step in creating this useful tool is to concentrate upon the equation for efficiency.
Computing the total losses from all means such as switching, conduction, and core losses
derives this equation. Once the total losses and input power have been found, the efficiency
can be determined.

The equation for each type of loss must be found symbolically. Thus,

the resultant efficiency relationship will be a system of every parameter selectable, such as
snubber capacitance and input voltage.
After constructing the system of equations for each of the parameters, it becomes evident
that there are two methods for optimizing the specific design.
power converter.

The first is for a constant

The input power is selected and then the most significant resultant value is

that of the peak current, IPK.

The peak current is found through the relation of constant

power to average input current.

The system solves for a peak current that will keep the

average current equal to the input power over the input voltage.

Based on this value, the

system can compute how much stress is placed upon the transformer core and also determine
the RMS current, IRMS.

The RMS current is used to compute the resistive losses due to

conduction within the primary winding and the primary switch.
The alternative method is to select a fixed peak current, as was done for the design
described in this paper.

With the peak current being determined by the sense resistor, the
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input power is no longer constant. Therefore, the average input current is no longer constant
either.

Over the range of parameters being optimized, the input power may fluctuate

substantially.

However, even with the alternative method, the peak current is used for

finding RMS current and average current to evaluate the conduction losses.
The RMS current is used instead of the average current because the power loss is equal
to the current squared multiplied by the resistance.

Due to the quadratic nature of the

relationship between current and power loss, it would be an inaccurate approximation to use
the average current since the relationship is not linear.

To find the RMS current, piece-wise

analysis of the waveform must be conducted [10]. This analysis can be found in full in the
MATLAB code in Appendix A.
Solving a system of approximately ten variables is incredibly complex.

For this reason,

the designer will have to input eight of the parameters. The variable parameters will include
the following: input voltage, output voltage, primary inductance, turns ratio, snubber
capacitance, auxiliary inductance, secondary stacks, and parasitic capacitance tolerance.
of these values but two will have to be selected.
remaining two variables.

All

The system process will optimize the

It is also important to note that these variable ranges may be

constrained by physical conditions that the MATLAB code will not recognize.

For example,

the reflected voltage may never drop below the input voltage, otherwise soft switching is not
attained and the relationships do not apply.

Thus, the minimum output voltage and

maximum turns ratio realizable will be constrained.
In the case of constant power, to solve for the final two parameters, the system employs a
root finder method.

Ranges must be specified for the last two variables.
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Once the range is

specified, the system will begin to solve for the overall efficiency for every point within the
ranged area. To maximize optimization, hundreds or even thousands of points will be used
and the efficiency will be computed.

For example, the ranges of 1000 V to 3000 V are used

for the desired output voltage range and 20 to 60 are used for the turns ratio.

If steps of

100V and 5 are used for output voltage and turns ratio respectively, the system would have to
solve for a 21 X 9 area or close to 200 points. Other parameters, such as primary inductance
or snubber capacitance could require even greater ranges with smaller increments resulting in
much larger solving inputs.
Without further modification, this process would take a significant period of time to
solve for a single solution.

To solve for every point within the ranged area could take

several hours or even potentially crash the program. For example, the program MathCAD
lacks the computing power to solve for several roots at once.

To avoid this, the designer can

input an estimated value for the program to centralize the search around.

Once an initial

solution is found, through additional programming, the system can be set up to use the
previous solution as a guess value for the next point. By doing this, significant computing
time and processing can be considerably reduced and the system can complete full analysis
within a matter of minutes or even seconds.
For the case of constant peak current, the system does not require any root solve method,
as most of the equations are linear with respect the other variables.
equations are used for both.

Overall, the exact same

The constant peak current method is relatively easier to solve,

as the peak current is already known.

This however, does not take into account the current

overshoot that may occur for a very small number of primary turns.

48

As a final output of the system, several 3-D plots will be graphed. The first two graphs
will be of core losses and conduction losses.

Each graph will plot the associated loss on the

Z-axis and then sweep two parameters over the desired ranges represented by the X and Y
domains.

Parameter trends will become easily identifiable from these graphical

representations of the system.
Neither of the aforementioned graphs can be of much use alone, as they frequently will
display a trend where the optimal point would occur where one parameter is reduced to the
minimum or maximum value. Unfortunately, the optimization process is not that easy.
Usually a minimum or maximum value will minimize the losses of one form but greatly
increase the other form of loss.

Combining these two graphs into one overall graph of

efficiency will help to find the optimal point to reduce both forms of loss.
For example, as in Figure 14, a simple trend will become evident when analyzing core
losses while sweeping the parameters of output voltage and turns ratio. Losses will be at a
minimum when the output voltage and turns ratio are minimized.

However, the output

voltage will most likely be required to be fairly high to charge capacitors.
the turns ratio implies maximizing the primary turns.

Also, minimizing

In doing so, the conduction losses of

the system grow substantially as each wind on the primary contributes greatly to resistive loss.
Also, a smaller turns ratio will increase the reflected voltage significantly.

This will further

increase conduction losses and cost, as the primary side components will have to be rated for
higher and higher voltages.
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Figure 14: Core Loss (Vo vs N)

Figure 15 below depicts the conduction losses associated with the same system shown in
the above core losses. As shown, minimizing the core losses will lead to maximizing the
conduction losses.

Thus, a middle ground must be found where a trade off between core

and conduction losses can be obtained.

By doing so, the system can avoid extreme losses

and may be optimized for a particular operating point. However, in some instances the
conduction losses will be nominal compared to core losses, as is the case with this design.
This implies that the most critical element of the design lies in the transformer.

The

potential core losses overshadow any potential conduction losses. Thus, optimizing the
transformer becomes the primary objective.
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Figure 15: Conduction Loss (Vo vs N)

The most important graph is the overall converter losses. Essentially, this is a
combination of both the core and conduction losses related to the input power and
represented within a single graph. The primary z-axis will chart the efficiency level. The
x and y-axis will then represent the two parameters being optimized.

Through this visual

representation it will be easy to distinguish the points of optimal efficiency within the
specified range. Taking those values and implementing them in the actual hardware should
significantly improve efficiency results.

It is then also possible to use these optimal points

as starting points for optimizing other parameters to further improve the efficiency.
The following graph, Figure 16, is the resultant graph of the optimization process used
with the following specifications: Peak Current (Ipk) 4 A, Input Voltage (Vin) 18 V, Primary
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Inductance (LP) 23 μH, Auxiliary Inductance (LA) 47 μH, Parasitic Capacitance (CP) 0.1 nF,
and Snubber Capacitance (CS) 1 nF.

The two variables being swept are Output Voltage (V0)

from 1000 to 2200 V and Turns Ratio (N) from 15 to 50 turns implying a primary turns range
of about 6 to 2, however recall that to not reach saturation a minimum of 3 primary turns are
needed.

As the graph shows, optimal points can be seen in the dark blue region.

The

conduction losses are not very evident in this graph as they are quite small in comparison to
the core losses.

Figure 16: Total Losses (Vo vs N)

The extreme amount of losses present on the right hand side takes place at a maximized
turns ratio. In this region, the primary turns have been minimized placing substantial stress
upon the core.

Coupling is diminished due to fewer primary turns.

Lower primary turns

also lower the primary inductance, which may give rise to uncontrolled high peak currents
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that add stress upon the core and potentially cause saturation. Conduction losses, when
compared to core losses, appear nominal although they most likely contribute to the
decreasing efficiency slope in the low turns ratio region.

Figure 17: Efficiency (Vo vs N)

Overall efficiency is plotted above and is equal to the input power minus both the
conduction and core losses, and then divided by the input power again.
remember that within these graphs, the input power is variable.
when turns ratio is minimized.

Peak efficiency occurs

This however, looks over one important factor.

Minimizing the turns ratio implies maximizing the primary turns.
substantially increase the primary inductance.
become more prevalent.

It is important to

However, doing so will

Should this occur, core saturation will

To lessen the primary inductance and thus avoid this problem, the
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transformer core will have to be gapped substantially. This will introduce additional leakage
and decoupling, making the overall system more inefficient. As a result of these additional
losses, the efficiency will begin to flatten out once a primary turns of about five has been
reached.

Figure 18: Output Voltage vs. Efficiency for Specific N Values

In Figure 18, to more clearly identify the efficiency data, the graph has been rotated and
only values of N that are physically attainable in this design will be included.

Recall that

the number of secondary windings has been fixed at 120. Therefore, the only possibly turns
ratios are 40, 30, and 24.
respectively.

These values represent a primary turn number of 3, 4, and 5,

The number of primary turns of 2 has not been included since the

aforementioned minimum number of primary turns to avoid saturation was found to be 3.
Also, the number of primary turns of 6 has not been included as the transformer window limit
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for primary turns has been met and no additional windings may be added.
The top line plots the efficiency for a turns ratio of 24, followed by the turns ratio of 30,
and the bottom line plots the turns ratio of 40.

From this efficiency plot, it is shown that as

the output voltage grows, the efficiency begins to drop.

This can be explained partly by the

switching frequency increasing with output voltage and thus adding more stress to the
transformer and increasing core losses. Also, the output voltage adds more stress to secondary
components and the corollary of increasing reflected voltage adds more stress to primary side
components.
These results also state that the increase in primary windings, thus decreasing the turns
ratio, will improve efficiency. With the addition of a single primary winding from 3 to 4
turns, an efficiency increase of 10 to 15% takes place.

Additionally, increasing the primary

turns from 4 to 5 will also improve efficiency by about 4 to 5%.

Peak efficiency at this level

reaches into the 90s. This more centered and turns ratio specific view also underlines the
fact that the rate of efficiency increase is slowly leveling off with each additional turn.

This

is explained by the tradeoff with very high reflected voltages and increasing transformer core
and switching losses. The core begins to exhibit more losses because as primary turns are
added, the core will have to be more and more widely gapped to retain the designed for
primary inductance. Increasing the air gap begins to introduce conflicting magnetic fields
due to fringing at the gap.
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CHAPTER 6: EXPERIMENTAL RESULTS

To verify the analytical findings it is important to perform physical experiments on the
complete charger.

Although experimentation might introduce some variances based on the

part selection and quality of components, as well as, losses from unpredictable means, it can
still adequately demonstrate the effect of design and parameter value choices. To do so, the
charger circuit is pushed through a series of tests. Testing is conducted over a significant
range of parameter values, component choices, and design criteria to demonstrate the effect
that optimization may have on contributing to a higher efficiency.

6.1 Testing Process
To safely and properly experiment with the charger, a test setup would have to be
introduced. Voltage and current would be supplied by a traditional voltage supply that is
connected to the circuit board.

As mentioned earlier, the on and off switch for the charge

controller would be implemented off the board to improve safety conditions.

Given the

dangerously high voltages, it was important to keep the user away from the high voltage
output of the charger.
Normally, energy passed to the secondary is stored within the high voltage capacitors.
However, storing the energy within the capacitors would become problematic as the energy
would have to be discharged by some means and this could pose another safety risk.

To

solve this issue, a series of resistors capable of withstanding high power were implemented to
safely dissipate the energy that would normally be stored in the capacitors.
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To perform the testing over a range of parameters, this setup would have to be modified
for each set of tests.

Input voltage is adjusted using the voltage source.

To adjust the

output voltage, two things would need to be adjusted. The output voltage resistor used in
conjunction with the charge controller would have to be changed to set different output
voltage limits. Second, the value of the output resistors would have to be increased or
decreased to have the same effect upon the actual output voltage.
high power resistors is used.

To do this, a string of the

Using different combinations of these resistors would allow

you to select several output voltage maximums.
Other changes, such as snubber capacitance, output diodes, or the transformer turns ratio
would have to be physically modified on the circuit board. The successive iterations of the
chargers design in general are also important. Testing will be done on all three stages of the
board.

From the basic charger to the most advanced iteration, each one will undergo several

tests. This will allow for a comprehensive comparison to be made between the three stages
in terms of efficiency.
To calculate the efficiency, the input power would be monitored using the voltage and
current source readings. The output power would have to be measured with additional
equipment.

Using an oscilloscope, the output voltage may be monitored with ease.

However, to monitor the output current, it may become difficult to implement a current
sensor on the circuit board.

Instead, using the measured values of the power resistors being

used and dividing the output voltage by this value squared will yield the output power.
Then, the relationship of output power over input power will give the efficiency of the
converter overall.
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6.2 Results
Several waveforms were monitored during the testing of the charger to ensure proper
operation and determine areas that could be improved upon.

The primary waveforms of

concern were the switch node of the primary switch, the output voltage, the gate drive signal,
and the input voltage. By analyzing these waveforms, one can easily determine where a
possible problem or issue may be causing faulty operation and how to correct it.
Perhaps the most important waveform is that of the primary switch node. Should the
primary switch be operating incorrectly, the entire charger is affected and poor or no results
will be produced.

Noise on the switch node must be kept to a minimum to reduce faulty

actions and soft switching may be observed. If soft switching is not being fully achieved,
the waveform will make this obvious and corrective action can be taken. The figure below
depicts the primary switch waveform in pink. As the output voltage increases with each
step the reflected voltage on the primary switch increases.
The output voltage waveform is also of critical importance. This voltage is essentially
the purpose of the charger.

Monitoring the primary and secondary currents of the

transformer can be difficult, thus the output voltage is the only way to ensure the transformer
and diodes are operating correctly. Also, as a safety precaution it is important to make sure
the output voltage is not reaching extreme values that were not planned for in the design.
As shown, with each cycle, the output voltage increases by a diminishing amount.

This

is due to the relationship of energy within a capacitor to the voltage across it:
2

E :=

C⋅ V
2

Thus, to increase the voltage in a capacitor requires exponentially more and more energy
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as the initial voltage increases. Figure 19 below shows this decreasing rate of voltage
increments.

Figure 19: Charging Output Voltage

As the capacitor voltage increases it require more and more energy to maintain the same
rate.

However, the charger and transformer only pass the same amount of energy to the

capacitor with each cycle.

Therefore, the rise rate in the voltage steps cannot be maintained

as the output voltage is increased and hence diminishes rapidly.
While observing the output voltage waveform it is important to make sure the voltage is
terminated once the target value is reached.

This termination occurs because the controller

halts the charging process and the energy within the capacitor is dissipated through the series
of power resistors connected to the output.

If it is turning off once the target is reached, it

should dissipate the energy and the voltage should drop while the switch is still in the on
position, as shown in Figure 20 by the yellow output voltage waveform.
terminate the charge process when the switch is turned off.
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It should also

Figure 20: Output Waveforms

Once the waveforms demonstrate correct operation by the charger, data may be collected
to examine efficiency and other parameters. Data was collected throughout the successive
phases and modifications made to the charger. The following graph depicts the efficiencies
of several iterations over a range of output voltages.

Peak efficiency for all of the charger

variants occurred around approximately 700 to 800 volts.
displayed very poor efficiency, only peaking at about 68.5%.

The basic, Phase I charger
Without soft switching or

optimized transformer design, an excessive amount of energy is lost due to the primary
switching and core losses.
The Phase II charger showed immediate results and a significant improvement to the
basic charger. Through the simply addition of a few, low cost components in the active
snubber circuit, the peak efficiency was raised over 6% to 74.7%. The initial Phase II
charger used a snubber capacitance of 10 nanofarads.

To experiment with the effect of the

snubber capacitance and optimize this value, the snubber capacitance was decreased to 4.7
nanofarads. This small change was able to improve the efficiency by almost an entire
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percent point at approximately 1.2 kV output voltage.
efficiency at a few other operating points.

However it also decreased the

Thus, depending on the specific desired output

voltage, the snubber capacitance should be curtailed to give the best efficiency at that point.
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Figure 21: Efficiency Data

The Phase III design of the converter includes the transformer improvement and
optimization.

All other design criteria and selections were kept exactly the same and

identical to those of the Phase II charger.

The Phase III charger featured this newly

improved transformer that was specifically designed for this application.

It also

implemented the design techniques aforementioned in the transformer section of this paper.
Without any changes made but the transformer, the Phase III charger exhibited greatly
improved efficiency.

A peak efficiency of over 88% was achieved when charging to

approximately 620 volts.

Overall, the efficiency was at least over ten percent better than the

Phase II charger and up to twelve percent better at several points.
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This improvement served

as a highlight to the importance of proper transformer design in this application field.
As the optimization graphs would suggest, further increasing the primary turns to 5
would continue to improve efficiency.

Again, the transformer was rewound to include 5

primary turns and keep all other components identical.

The results of this produced

additional efficiency improvement of approximately 2 to 3 percent.

This continued gain rate

in efficiency closes matches the theoretical optimization graphs.

Increasing the primary

turns from 3 to 4 turns saw a theoretical improvement of approximately 10 to 15%, while
physical results gave an average improvement of close to 12%.

Increasing the primary turns

from 4 to 5 turns saw a theoretical improvement of approximately 4 to 5%, while the physical
results gave an average improvement of 4%.

In all, the rate of improvement closely

matched the expected amount based on the optimization graphs.
This efficiency increase through transformer optimization served to underscore the
importance of proper transformer design. The benefits of a well planned approach and
successful circuit design can all be lost in the transformer.

Losses from poor coupling,

magnetic interferences such the proximity and skin effects, and from increased core stresses
will all cause a substantial loss in efficiency and quality.
The same trend experienced by the other charger phases was observed where the
efficiency peaks around 600 to 700 volts and then linearly declines as output voltage is
increased. When measured, the rate at which the efficiency dropped per output voltage in
this linear region was very close for all three stages.

Stage-one experienced a 0.8% average

drop in efficiency per 100V increase in output voltage. Stage-two experienced a 1.1%
average drop and stage-three saw a 0.88% average drop per 100V.
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Using these values, it is

possible to predict the efficiency that would be experienced at other output voltages that were
not accounted for in the testing. This average efficiency lost per output voltage increase has
been termed ‘efficiency loss rate’.
The much higher power and higher output voltage capacitor charger discussed in [1] also
displayed an almost identical trend.

The efficiency would peak early on and would then

slowly decrease at a fairly constant rate.

The shape of the efficiency versus output voltage

plots for all of the chargers discussed in this paper as well as in [1] is very similar and
consistent from one design iteration to the next.
A second series of Phase III chargers were experimented with that had fewer output
diodes and also pushed more power due to an increased input voltage of twenty-two volts.
These new iterations saw little or no improvement over the original stage-three charger in
terms of efficiency.

However, they were capable of reaching significantly higher output

voltages, but also maintained an almost identical efficiency loss rate.
Overall, although the Phase III chargers pushed slightly more power than their more
primitive counterparts, Phase II and Phase I, and they exhibited much higher efficiencies.
They were also capable of reaching much higher output voltages with the same components.
In fact, the Phase III charger was capable of attaining a maximum output voltage over fifteen
percent higher than the Phase II charger, and over twenty-one percent higher than that of the
Phase I charger with much greater efficiency.
This improvement in efficiency can be attributed to several factors mentioned earlier.
The successful implementation of soft switching performed in conjunction with the energy
recovery circuit was the first key improvement.
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Figure 20 below shows the soft-switching

waveform.

As shown, soft switching only occurs during turn on of the switch. A hard

switch still occurs at turn off.

This occurs due to the snubber capacitance resonating energy

with the leakage inductance of the transformer.
Figure 22 was a screen capture taken during operation of the Phase III charger. The
charger was operating an output charging voltage at 1.11 kV.

At this operating point, the

charger successfully achieved efficiency in excess of eighty percent making it significantly
more efficient than the chargers operating without soft switching or an optimized transformer.
From this figure it is evident that switching losses have been substantially reduced.

Figure 22: Switch Node Soft-Switching

The second key improvement was the optimization of the transformer to exactly meet our
needs with minimum power loss. As mentioned previously, through only modifying the
transformer design and nothing else, a substantial efficiency increase of ten percent or greater
was achieved over the entire range.
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CHAPTER 7: CONCLUSION

In conclusion, the design, development and implementation of a low power, cost
effective, and efficient capacitor charger became a realizable design. Soft switching was
achieved and helped yield promising efficiency results.

The transformer design was

optimized and proven to be a significant factor in the overall charger efficiency.
Mathematical techniques for optimization were introduced and found to be successful in
improving efficiency.
The primary focus of achieving a very detailed and in depth theoretical analysis was
achieved. Furthermore, this analysis was used to build an advanced program for graphically
optimizing the design. This program was capable of plotting several parameters of interest
and locating the regions of highest efficiency. In addition to establishing this optimization
technique, it was experimentally verified to produce solutions that accurately represent the
behaviors of the actual converter. As discussed in the previous chapter, the optimization
graphs found the efficiency improvement rate that occurred as the turns ratio was reduced.
This rate almost exactly matched the physical results.

Although the physical results

exhibited slightly lower efficiencies when compared to the optimization graphs, it is
important to note that the optimization does not take into account the switching losses or
effect of transformer gaping. Both of those phenomena are very difficult to approximate,
but it can be inferred that the slight discrepancy between the calculated and experimental
results can be primarily attributed to those two effects.

Overall, the matching trends,

improvement rates, and limits of the theoretical optimization and the physical results prove
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the accurate and correct evaluation and application of the in depth analysis and MATLAB
procedure.
Upon completion of this research endeavor, areas for improvement are discussed. In
addition to these improvement considerations, future marketability and research opportunities
are overviewed.

This study opens the door for additional research and products within this

area and related fields. Being able to convert the capacitor charger into a viable product for
the industry is certainly something that can be done.

7.1 Improvement Considerations
After the extensive testing and optimization techniques, several areas were found to have
the opportunity for improvement.

Taking advantage of these opportunities could prove to

provide substantial efficiency, cost, and quality improving benefits.

Some of these

improvements can be done within this design without having to alter the printed circuit board.
Other improvements will require a reconfiguration and new design for the circuit board and
some of the components.
The first consideration that has a major effect on efficiency deals with the primary switch.
Due to the nature of experimentation and testing over broad voltage ranges, a switch had to
be selected that would be robust enough and meet the voltage stress requirements for any
combination of the parameters within the testing ranges. This meant that even for lower
output voltage applications and reduced reflected voltages; the primary switch was still
selected for the maximum values.
A 200-V rated N-channel MOSFET was used for all the testing.

To have a MOSFET

rated that high, there would also be a very high value for the resistance between the drain and
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switch nodes (RDS). However, for much of the experiments, the off state voltage never
exceeded 150 or even 100 V. Thus, conduction losses within the switch were much higher
than they may have been with an optimized primary switch.
For example, the RDS for the 200V MOSFET was about 0.041 ohms.

The same

manufacturer, Fairchild Semiconductor, offers a 150V MOSFET with an RDS between 27 and
36 m-ohms. Under average conditions, conduction losses in the 200V and 150V MOSFET
are 3.3% and 2.4% respectively. Thus, by implementing a switch that is better suited for the
operating conditions can save a substantial amount of energy. This does not take into
account the more extreme conditions where the peak current of the transformer becomes
significantly higher and thus losses from conduction will amplify exponentially making a
smaller RDS even more desirable.
The next improvement to the capacitor charger includes the winding of the transformer.
For ease of design, analysis, and implementation, the number of secondary winds was kept
constant throughout the capacitor charger development.

However, this requirement

significantly limits the flexibility in design of the turns ratio, inductance parameters, and
overall transformer operation.
Allowing the secondary turns to be variable also allows for additional optimization.

In

many instances, adding or removing primary windings may create more losses in efficiency
than the gains it may provide.

Having the flexibility to alter the number of secondary turns

may help reduce what would be a drastic lowering of efficiency.
For example, it may be beneficial to choose a turns ratio of sixty rather than forty.
can be done by removing a primary wind or adding secondary winds.
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This

Should a primary

wind be removed from the current design, there would only be two primary turns. This may
substantially reduce coupling adding to more losses during the transition of energy from the
primary to the secondary.

It also significantly increases the peak current in the primary

windings that will further increase conduction losses in an exponential manner.
To allow for additional secondary turns, a third stack winding can be implemented in the
same manner as the first two stacks were in the original design. This third stack would
include the same high voltage diodes and capacitor to allow for the additional secondary turns.
In the original design concept, this third stack was included. However, when physical
production began it became evident that due to size and insulation constraints that the third
stack would have to be left out.
These obstacles might be overcome by the use of a slightly larger transformer.
ETD34 has a larger bobbin and additional pins.

The

The larger bobbin would allow for

substantially more secondary turns to be wound in an individual stack.

The ETD29 only

allowed for approximately sixty turns per stack. It is possible that the ETD34 might allow
for eighty to one hundred turns per stack giving substantially more flexibility and freedom in
design.

This would also allow for the possibility of retaining the two stack design. The

larger core would also allow for greater peak currents.

However, this would be required a

slight increase in size making it a potential drawback for applications dependent on compact
size.

7.2 Future Marketability
The completed charger has a great potential for marketability within the industry. The
aforementioned related applications could all use a capacitor charger that is compact, cost
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effective, and exhibits high efficiency.

Since this charger was successful in reaching each of

those goals it becomes an ideal choice for companies working in these areas.

However, a

few modifications and additions must be done before it is ready for the market.
To begin, the charger must be made easy and safe to use by the customers.
high voltage protections are satisfactory in a research and testing environment.

The current
However,

once the charger is sold as a product for others to use, it must be very safe and reliable.

To

ensure these requirements, a customized case must be designed and implemented for the
charger. The one exception to this is if the customers wish to physically implement the
charger within their own hardware and circuitry, for which just the charger itself would be
sold.
The case would fully enclose the charger to prevent anyone from touching the high
voltages and to protect the components themselves. On the input side of the case would be
two plugs for the input voltage. Depending on the application, different connection types
could be used, ranging from banana plugs to a soldering connection. The same concept
would be used on the output terminals.
The on/off switch would be implemented on the case itself.

Since the case would be

made of insulative material, the switch would no longer need to be kept a good distance away.
Instead, it would be mounted directly on the case.

In the situation where direct

implementation of the charger in the customer hardware was desired, then no switch at all
would be installed.

Instead, just a connection would be implemented where the customers

can connect their own switching device or controller.
Other than the development of a custom case, a few other modifications can be done to
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improve the marketability of the charger. A further reduced size would make the charger
even more compact and easy to implement with other hardware.

Through the reduction of

component size, such as going with 0808 SMD components, and reducing the distance
between them, the board itself can be reduced in size significantly.

The transformer

footprint used was also larger than necessary because it was designed to allow for both the
ETD29 and the ETD34.
design flexibility.

The ETD34 is significantly larger and was included to allow for

Now that the design has been finalized, the ETD34 portion can be

removed and the footprint area can be significantly reduced.

Doing so would decrease the

length of the board between one to two centimeters, representing a ten to twenty percent
decrease in board area.
This charger design only made use of a single side of the board.

If components were to

be placed on the opposite side, size could be reduced even further.

For example, the

transformer takes over fifty percent of the board area, but only has connection pins in six,
small locations.
entirely bare.

The opposite side of the board underneath the transformer is almost

While still maintaining good isolation distances, components can be placed

beneath the transformer to reduce size considerably. Essentially, all the SMD components,
the switches, and the controller chip could be mounted on the lower side of the board while
the larger components such as the filter capacitors, transformer, and inductor will remain on
the top side.

By doing so, size can be reduced by almost fifty percent.

7.3 Future Work
This research endeavor opens up several opportunities for future work within this same
field and application.

Further development and improvement of this same topology design
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could lead to increased efficiency, lower cost, and an even smaller size. Expansion of this
design could also be done to include new applications other than solely capacitor charging.
All of these also greatly improve the potential to become a legitimate product on the market.
This design made no use of any feedback within the system.

All the parameters would

be set through the selection of actual hardware such as resistors and capacitors. However,
using the principle of feedback from the output portion of the system, the design can be
expanded to also serve as a high-voltage supply.

Where this design was only capable of

charging the output voltage to a specified target, through the use of feedback the charger can
select a target output voltage variably.
To achieve this dual application design, new control techniques and additional hardware
will have to be introduced.

The past controller, the Linear Technologies LT3750, has been

modified and improved to make this desired system feasible.

The new LT3751 controller

has several feedback pins to adjust parameters in the new mode of operation. This new
mode, voltage regulation, will allow users to specify a target output voltage during operation.
This is performed by altering the duty cycle manually to adjust for the variable output voltage.
Should the user select an output voltage on the lower end of the output range, the duty cycle
will be decreased to as low as 10%. Similarly, should the output voltage be set to a high
value within the output range, the duty cycle can be increased to as much as 95% [9].
This new controller from Linear Technologies allows for expansion upon the current
design to include this capability. This further increases the marketability for a charger
capable of both high-voltage capacitor charging and doubling as a high voltage source.

In

addition to the added benefits, few additional components will be required to make this an
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operation converter. The control is handled completely by the controller with only a few
resistors or capacitors more than the design discussed in this paper. Thus, the charger would
be able to maintain all the capabilities and advantages of the current design such as high
efficiency and small size, but also add the regulation and high voltage source capabilities.
Another potential research endeavor includes the formatting and marketing of the
optimization software.

Currently, the programming and software that drives the

optimization process remains in a very open ended format.
values, the user must directly manipulate the code.

To make changes or modify

However, this code can be interfaced to

be very user friendly and allow any designer to select values and graphs without having to
alter the code at all.
This would require advanced graphical user interfacing (GUI) techniques.

Additional

programming would have to be done to allow a greater deal of flexibility and to allow the
user to easily select parameters and outputs. Thus, a great deal of the code will have to be
altered to include taking inputs from the user and selecting a optimization system based on
what the user is asking for.

Despite these additions, the overall basis for how the system

operates and optimizes will remain unchanged. This ensures that the process for finding the
optimal operating points is not compromised. It is only broadened to include the
user-selectable inputs and outputs.
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APPENDIX A : MATLAB CODE

P1 = 4; % Ipk = P1;
P2 = 1000; %
v0 = P2;
P3 = 20; % N = P3;
P4 = 18;
vin = P4;
P5 = 47d-6; la = P5;
P6 = 23d-6; lp = P6;
P7 = 1d-10; cp = P7;
P8 = 10d-9; cs = P8;
P9 = 2;
ns = P9;
P10 = 20;
pin = P10;
%Fcn(P1,P2,P3,P4,P5,P6,P7,P8,P9,P10)
%pause
options = optimset('Display','off');
x0 = 4; n = 0; v0 = 1000:100:2200; N = 20:5:50; %x0 is the guess
rho = 338.496; Rdsoff = 1d6; %rho is in ohms per km for 30 gauge wire, hence the lack an
area perameter in the below calcs.
wirecount = 26;

for P3=N
m = 0; n = n+1;
for P2=v0
m = m + 1;
%y(m,n) = fzero(@Fcn,x0,options,P2,P3,P4,P5,P6,P7,P8,P9,P10); % Ipk
y(m,n) = 4; %Ipk
z(m,n) = Ipmin(P2,P3,vin,lp,cp); %Imin
ff(m,n) = Iamax(P2,P3,vin,la,cs);
fs = 1/tp(y(m,n),P2,P3,vin,lp,cs,cp,ns);
ft(m,n) = 1/tp(y(m,n),P2,P3,vin,lp,cs,cp,ns);
np = 120/P3;
CoreLoss(m,n) = pc(ft(m,n),y(m,n),z(m,n),lp,np); %Approximated Loss
x0 = y(m,n); % Ipk
Ipavg(m,n)
=
Ipavg1(y(m,n),P2,P3,vin,lp,cp,cs,ns)
Iaavg(y(m,n),P2,P3,vin,la,lp,cp,cs,ns); %Average Input Current
D1 = tdip(P2,P3,vin,lp,cp)./tp(x0,P2,P3,vin,lp,cs,cp,ns);
D2 = abs(z)./(x0 - z(m,n)).*tmax(x0,P2,P3,vin,lp,cp)/tp(x0,P2,P3,vin,lp,cs,cp,ns);
73

-

D3 = x0./(x0 - z(m,n)).*tmax(x0,P2,P3,vin,lp,cp)/tp(x0,P2,P3,vin,lp,cs,cp,ns);
mu1 = 1/3*abs(z(m,n)).^2;
mu2 = 1/3*abs(z(m,n)).^2;
mu3 = 1/3*(y).^2;
Irms = sqrt(D1.*mu1 + D2.*mu2 + D3.*mu3); % RMS Calculation
vrf(m,n) = vr(P2,P3);
VoltageRating(m,n) = (vr(P2,P3) + 20)*1.5; %Voltage Rating Required for MOSFET
%if VoltageRating(m,n) <= 150
%Rdson(m,n) = ((0.0539*VoltageRating(m,n)) - 0.84)/1000; %Rdson trend for up to
150V rating
%else
%Rdson(m,n) = ((0.34*VoltageRating(m,n)) - 46)/1000; %Rdson trend for over 150V
rating
%end
Rdson(m,n) = .049;
Lcw = 5d-5 + np*6d-5; %Length of Primary Windings
Rcw = rho*Lcw/wirecount; %Copper Wire Resistance in Primary
Pcondloss = (Irms.^2)*Rcw; %Loss in Windings
Plosson = Rdson(m,n)*(Irms.^2); %Loss Through ON MOSFET
Plossoff = (vr(P2,P3)^2)/Rdsoff; %Loss Through OFF MOSFET
%AuxPowerLoss
PAlossdiode(m,n) = Iaavg(y(m,n),P2,P3,vin,la,lp,cp,cs,ns)*0.9;
PAlosssnub(m,n)
=
(z0(lp,cs,cp)*x0*cs)*(sin(w0(lp,cs,cp)*asin((P2/P3)/(z0(lp,cs,cp)*x0))/w0(lp,cs,cp))/tp(x0,P
2,P3,vin,lp,cs,cp,ns))*0.9;

D1a = tjmp(P2,P3,vin,la,cs)./tp(x0,P2,P3,vin,lp,cs,cp,ns);
D2a = tfall(P2,P3,vin,la,cs)./tp(x0,P2,P3,vin,lp,cs,cp,ns);
mu1a = 1/3*abs(Iamax(P2,P3,vin,la,cs)).^2;
mu2a = 1/3*abs(Iamax(P2,P3,vin,la,cs)).^2;
Iarms = sqrt(D1a.*mu1a + D2a.*mu2a);
PAlosson = Rdson(m,n)*Iarms^2;
%SecondaryConductionLosses
Isavg(m,n) = (1/2)*(y(m,n).^2)*(lp/P2)*(1/tp(x0,P2,P3,vin,lp,cs,cp,ns));
Pscondloss(m,n) = Isavg(m,n) * 3.4;
Bpp(m,n) = bp(x0,z(m,n),lp,P3);
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Pcondtotal = Pcondloss + Plosson + Plossoff + PAlossdiode + PAlosson + PAlosssnub +
Pscondloss;
Efficiency = 1-((CoreLoss+Pcondtotal)/(vin*Ipavg(m,n)));

end
end
[P2,P3] = meshgrid(N,v0); figure(1);
subplot(4,1,1),mesh(P2,P3,CoreLoss);
xlabel('N'); ylabel('Vo'); zlabel('Core Loss')
subplot(4,1,2),mesh(P2,P3,y/10);
xlabel('N'); ylabel('Vo'); zlabel('Ipk')
subplot(4,1,3),mesh(P2,P3,Pcondtotal);
xlabel('N'); ylabel('Vo'); zlabel('Cond Loss')
subplot(4,1,4),mesh(P2,P3,CoreLoss+Pcondtotal);
xlabel('N'); ylabel('Vo'); zlabel('Total Losses')
figure(2); mesh(P2,P3,(CoreLoss+Pcondtotal));
xlabel('N'); ylabel('Vo'); zlabel('Total Losses')
figure(3); mesh(P2,P3,CoreLoss);
xlabel('N'); ylabel('Vo'); zlabel('Core Loss')
figure(4); mesh(P2,P3,y);
xlabel('N'); ylabel('Vo'); zlabel('Ipk')
figure(5); mesh(P2,P3,Pcondtotal);
xlabel('N'); ylabel('Vo'); zlabel('Cond Loss')
figure(6); mesh(P2,P3,VoltageRating);
xlabel('N'); ylabel('Vo'); zlabel('Voltage Rating')
figure(7);mesh(P2,P3,Rdson);
xlabel('N'); ylabel('Vo'); zlabel('Rdson')
figure(8);mesh(P2,P3,Irms);
xlabel('N'); ylabel('Vo'); zlabel('Irms')
figure(9);mesh(P2,P3,z);
xlabel('N'); ylabel('Vo'); zlabel('Ipmin')
figure(10);mesh(P2,P3,ft);
xlabel('N'); ylabel('Vo'); zlabel('frequency')
figure(11);mesh(P2,P3,vrf);
xlabel('N'); ylabel('Vo'); zlabel('Vr')
figure(12);mesh(P2,P3,ff);
xlabel('N'); ylabel('Vo'); zlabel('Iamax')
figure(13);mesh(P2,P3,Plosson);
xlabel('N'); ylabel('Vo'); zlabel('Plosson')
figure(14);mesh(P2,P3,Ipavg);
xlabel('N'); ylabel('Vo'); zlabel('Iinavg')
figure(15);mesh(P2,P3,Efficiency);
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xlabel('N'); ylabel('Vo'); zlabel('Efficiency')
figure(16);mesh(P2,P3,PAlossdiode);
xlabel('N'); ylabel('Vo'); zlabel('PAlossdiode')
figure(17);mesh(P2,P3,PAlosssnub);
xlabel('N'); ylabel('Vo'); zlabel('PAlosssnub')
figure(17);mesh(P2,P3,Pscondloss);
xlabel('N'); ylabel('Vo'); zlabel('Pscondloss')
figure(18);mesh(P2,P3,Bpp);
xlabel('N'); ylabel('Vo'); zlabel('Bpp')
Individual Function Definitions
function y = b(ip,lp,np)
ae = 0.76d-4; %ETD39
y = (lp*ip)/(np*ae); %B-Field for ETD39
function y = bp(imax,imin,lp,np);
y = ( b(imax,lp,np) - b(imin,lp,np) )/2; %AC Flux Density
function w = w0(lp,cs,cp)
w = 1/sqrt(lp*(cs+cp));
function w = w1(lp,cp)
w = 1/sqrt(lp*cp);
function w = w2(la,cp)
w = 1/sqrt(la*cp);
function z = z0(lp,cs,cp)
z = sqrt(lp/(cs+cp));
function z = z1(lp,cp)
z = sqrt(lp/cp);
function z = z2(la,cs)
z = sqrt(la/cs);
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function y = Ipmin(v0,n,vin,lp,cp)
y = - sqrt( (v0/n)^2 - vin^2 )/z1(lp,cp);
function y = Iamax(v0,n,vin,la,cs)
y = sqrt((v0/n)^2 - vin^2)/z2(la,cs);
function y = Ipavg1(Ipk,v0,n,vin,lp,cp,cs,ns)
y = ( (v0 / (n * z1(lp,cp) * w1(lp,cp)))*(cos(w1(lp,cp)*tdip(v0,n,vin,lp,cp)) - 1 ) + ...
(vin/(2*lp))*(tmax(Ipk,v0,n,vin,lp,cp)^2) - ...
(Ipmin(v0,n,vin,lp,cp)*(tmax(Ipk,v0,n,vin,lp,cp)) ) ) / tp(Ipk,v0,n,vin,lp,cs,cp,ns);
function y = Iaavg(Ipk,v0,n,vin,la,lp,cp,cs,ns)
y = ( - v0/n/z2(la,cs)/w2(la,cs)*( cos( w2(la,cs)*tjmp(v0,n,vin,la,cs) ) - 1 ) - ...
vin/la/2*( tfall(v0,n,vin,la,cs)^2 - tjmp(v0,n,vin,la,cs)^2 ) + ...
Iamax(v0,n,vin,la,cs)*(
tfall(v0,n,vin,la,cs)
tjmp(v0,n,vin,la,cs) ) )/tp(Ipk,v0,n,vin,lp,cs,cp,ns);

-

function y = Ip1(v0,n,lp,cp,t)
y = -(v0/n)/z1(lp,cp)*sin(w1(lp,cp)*t);
function y = Ip2(v0,n,vin,lp,cp,t)
y = (vin/lp)*t + Ipmin(v0,n,vin,lp,cp);
function y = Ia1(v0,n,vin,la,cs,t)
y = ((v0/n)/z2(la,cp))*sin(w2(la,cs)*t);
function y = Ia2(v0,n,vin,la,cs,t)
y = -(vin/la)*t + Iamax(v0,n,vin,la,cs);
function y = pc(fs,imax,imin,lp,np)
cm = 3.2d-3; ct = 1; ve = 5.47; %the approx. gives the answer in mW/cm^3.
by Ve gives the mW loss. Ve is in cm^3
y = cm*ct*(fs^1.46)*(bp(imax,imin,lp,np)^2.75)*ve/1000; %mW loss
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Multiplied

function t = tdip(v0,n,vin,lp,cp)
t = asin(sqrt( (v0/n)^2 - vin^2) / (v0/n) ) /w1(lp,cp);
function t = tfall(v0,n,vin,la,cs)
t = (la/vin)*Iamax(v0,n,vin,la,cs);
function t = tjmp(v0,n,vin,la,cs)
t = asin( sqrt( (v0/n)^2 - vin^2 )/ (v0/n) ) /w2(la,cs);
function t = tmax(Ipk,v0,n,vin,lp,cp)
t = ( Ipk - Ipmin(v0,n,vin,lp,cp) )/(vin/lp);
function t = tp(Ipk,v0,n,vin,lp,cs,cp,ns)
t = tdip(v0,n,vin,lp,cp) + tmax(Ipk,v0,n,vin,lp,cp) + ...
asin((v0/n)/(z0(lp,cs,cp)*Ipk))/w0(lp,cs,cp) + (((n*lp*Ipk)/(v0)));
function f = Fcn(x,v0,n,vin,la,lp,cp,cs,ns,pin)
f = Ipavg1(x,v0,n,vin,lp,cp,cs,ns) - Iaavg(x,v0,n,vin,la,lp,cp,cs,ns) - pin/vin;
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